The T cell-derived cytokine interleukin (IL) 2 -13 plays a pivotal effector role in T helper type 2 (Th2) immune responses to extracellular parasites (1). When dysregulated by genetic and/or environmental factors, IL13 expression is essential for the pathogenesis of allergic diseases (2). Indeed, experimental animal models have shown that IL-13 is necessary and sufficient to induce all the cardinal features of allergic lung inflammation, including airway hyper-responsiveness, eosinophilia, goblet cell metaplasia and mucus hyper-secretion, epithelial cell damage, and fibrosis (3-5). IL13 expression and IL-13-dependent events are also amplified in human allergy (6, 7), and high IL-13 production in early life is strongly associated with the subsequent development of allergic sensitization (8 -10).
tively, our results identify NF45 and NF90 as novel regulators of HS4-dependent human IL13 transcription in response to T cell activation.
The T cell-derived cytokine interleukin (IL)
2 -13 plays a pivotal effector role in T helper type 2 (Th2) immune responses to extracellular parasites (1) . When dysregulated by genetic and/or environmental factors, IL13 expression is essential for the pathogenesis of allergic diseases (2) . Indeed, experimental animal models have shown that IL-13 is necessary and sufficient to induce all the cardinal features of allergic lung inflammation, including airway hyper-responsiveness, eosinophilia, goblet cell metaplasia and mucus hyper-secretion, epithelial cell damage, and fibrosis (3) (4) (5) . IL13 expression and IL-13-dependent events are also amplified in human allergy (6, 7) , and high IL-13 production in early life is strongly associated with the subsequent development of allergic sensitization (8 -10) .
The IL13 gene lies within the Th2 cytokine locus on human chromosome 5q31, which also includes IL4 and IL5. Th2 cytokine gene expression has been shown to be tightly coordinated and fine-tuned by multiple local and distant cis-regulatory elements that are located throughout the Th2 locus and are marked by developmentally conserved DNase I-hypersensitive (HS) sites (11) . HS sites typically reflect the DNA binding activity of sequence-specific trans-acting factors that induce destabilization or displacement of local nucleosomes (12) and mark the location of enhancers, silencers, or locus control regions (13) . In the murine Th2 locus, nuclease HS regions appear to work cooperatively (14, 15) and engage in local and long range intra-chromosomal interactions that are essential for concerted Th2 cytokine expression (16) .
We recently characterized the dynamic modifications in DNase I hypersensitivity and epigenetic marks that occur at the human IL13 locus during the differentiation of naive CD4
ϩ Th cells into a polarized IL-13/IL-4 secreting Th2 phenotype (17) . Our study demonstrated that distinct regions of the IL13 locus exhibit distinct patterns of chromatin accessibility at defined stages of the Th cell differentiation process. In naive T cells, chromatin at the proximal promoter, the transcription unit, and the IL13/IL4 intergenic region was in an inaccessible state, marked by the absence of HS sites and by extensive CpG hypermethylation. During Th2 differentiation, these regions underwent profound remodeling, revealed by the appearance of numerous HS sites that co-localized with DNA hypomethylation. In contrast, the distal IL13 promoter contained two closely spaced, novel HS sites, HS4 and HS5, which were detectable in unstimulated naive CD4 ϩ T cells and persisted throughout Th cell differentiation (17) . Detection of constitutive HS sites in naive CD4
ϩ T cells was intriguing because these cells rapidly express substantial amounts of IL-13 upon T cell receptor cross-linking (18) . Early accessibility of the distal promoter suggested occupancy of HS4 and HS5 by constitutive transcription factors might poise the locus for rapid IL13 expression upon T cell activation and/or differentiation.
Defining properties of the HS5 region were characterized in previous work (19) . The work presented herein was designed to investigate whether HS4 marks the location of an IL13 cis-regulatory element and to identify nucleoproteins that regulate IL13 transcription by interacting with the HS4 region. We show that HS4 does indeed act as a novel positive regulator of human IL13 promoter activity in response to T cell activation. Nuclear factor (NF) 90 and NF45 played an important role in HS4-dependent up-regulation of IL13 expression.
EXPERIMENTAL PROCEDURES
Mice-C57BL/6 wild-type (WT) mice obtained from The Jackson Laboratory and NF45 ϩ/Ϫ 3 and NF90 ϩ/Ϫ (20) mice on a C57BL/6 background were maintained under specific pathogen-free conditions. All experiments were performed according to institutional and federal guidelines.
T Cell Culture, Isolation, and Th2 Differentiation-Jurkat T cells (ATCC clone E6-1) were cultured in RPMI 1640 medium supplemented with fetal bovine serum (10%), penicillin (100 units/ml), streptomycin (100 g/ml), and L-glutamine (2 mM). To generate murine Th2 cells, CD4
ϩ T cells were isolated from splenocyte suspensions using the CD4 ϩ T cell isolation kit (Miltenyi) as recommended by the manufacturer. Cells (ϳ5 ϫ 10 6 ) were resuspended in Dulbecco's modified Eagle's medium supplemented with fetal calf serum (10%), HEPES (10 mM), 2-mercaptoethanol (0.1 mM), penicillin (100 units/ml), streptomycin (100 g/ml) and L-glutamine (2 mM) and stimulated for 3 days with plate-bound anti-CD3 mAb (clone 145-2C11, 1 g/ml) and anti-CD28 mAb (clone 37.51, 1 g/ml) in the presence of IL-4 (1000 units/ml) and neutralizing antibodies against interferon-␥ (clone R4-6A2, 5 g/ml) and IL-12 (clone C17.8, 3 g/ml) (21) . After expansion in the presence of IL-4, neutralizing antibodies, and IL-2 (20 units/ml) for 4 days, cells were re-stimulated with plate-bound anti-CD3 and anti-CD28 mAbs and nucleofected at days 9 and 10. The efficiency of Th2 cell polarization was assessed by intracellular cytokine staining (17) . Levels of NF45 and NF90 RNA were reduced by Ϸ50% in NF45 ϩ/Ϫ and NF90 ϩ/Ϫ Th2 cells as measured by real time PCR using predeveloped QuantiTect primer assays for murine NF45/ILF2, NF90/ILF3, and GapdH (Qiagen) with SYBR Green detection on an ABI Prism 7900 sequence detection system (data not shown).
Reporter Constructs-HS6/Luc (22) consisted of a 363-bp region encompassing the human IL13 proximal promoter (Ϫ369 to Ϫ6, relative to the IL13 ATG, GenBank TM accession number L42080) cloned into pGL3 Basic (Promega). PCR amplification of HS4 (Ϫ1650 to Ϫ1435) was performed with primers 5ЈATACTCGTCGACATAAGGGGCGTTGAC-TCAC and 5ЈTTGATGTCGACTCTGACTCCCAG-AAGTCTG or HS4-3Ј (Ϫ1577 to Ϫ1435) with primers 5ЈATACTCGGTACCATCACGGAGACCCTGTGGGA-GAT and 5ЈTTGATGTCGACTCTGACTCCCAGAAGT-CTG, and cloning of these regions into the SalI restriction site of HS6/Luc generated HS4-HS6/Luc and HS4-3Ј-HS6/Luc, respectively. The Ϫ1650IL13p/Luc, Ϫ1577IL13p/Luc, and Ϫ1446IL13p/Luc constructs were generated by PCR amplification using distinct forward primers (5ЈATACTCGGTACCAT-AAGGGGCGTTGACTCAC, 5ЈATACTCGGTACCATCAC-GGAGACCCTGTGGGAGAT, and 5ЈATACTCGGTACCT-GGGAGTCAGAGCCAGCGCT) and a single reverse primer (5ЈTTGATGCTAGCCAGTGCCAACAGGAGAGGATT). Each of these regions was then cloned into the KpnI and NheI restriction sites of pGL3 Basic. The Ϫ1577mutIL13p/Luc construct, in which the CTGTT motif within HS4-3Ј was mutated by transversion of nucleotides Ϫ1529 to Ϫ1521, was generated by ligating two PCR fragments (corresponding to nucleotides Ϫ1577 to Ϫ1521 and Ϫ1527 to Ϫ6) to each other using a newly created BsmFI restriction site. The ligated product was then cloned into the SacI and NheI restriction sites of pGL3 Basic. HS4-3Јmut-HS6/Luc was generated applying the same cloning strategy followed to create HS4-3Ј-HS6/Luc, with the exception that Ϫ1577mutIL13p/Luc was used as a PCR template. Construct sequence fidelity and HS4 orientation were assessed by sequencing.
Transient Transfections-Endotoxin-free plasmids (5 g) were electroporated into Jurkat T cells (5 ϫ 10 6 ) in log phase of growth using the BTX ECM830 square wave electroporator (1 pulse, 250 V, 50 ms). Cells were co-transfected with pRLTK (25 ng, Promega) to normalize for transfection efficiency. After electroporation, cells were incubated in the presence or absence of phorbol 12-myristate 13-acetate (PMA) (20 ng/ml, Sigma) and ionomycin (1 M, Sigma). Anti-CD3/anti-CD28 mAb-activated murine Th2 cells (1 ϫ 10 6 ) were nucleofected with endotoxin-free reporter constructs (1 g) and pRL-TK (50 ng) using the Amaxa Nucleofector and the mouse T cell Nucleofector kit (Amaxa).
Firefly and Renilla luciferase activities in cell lysates were assessed 16 h after electroporation or nucleofection using the Dual Luciferase TM assay system (Promega). Total protein concentrations in cell lysates were determined using the BCA assay (Pierce). Results were expressed as relative luciferase activity (RLA) units, i.e. firefly luciferase activity corrected by transfection efficiency and protein content detected in each sample or as fold induction values, i.e. ratio of RLA units measured in stimulated over unstimulated samples.
Nucleoprotein Extraction-Nuclear extracts from Jurkat T cells in log phase of growth were prepared in 2.5-liter batches. Cells were collected by centrifugation and washed twice with phosphate-buffered saline. Cell pellets were resuspended (1:5 v/v) in buffer A (3 mM MgCl 2 , 10 mM NaCl, 10 mM Tris, pH 7.5, 0.1 mM EGTA, 0.5 mM DTT, 1 g/ml aprotinin, 2 M leupeptin, 1 mM phenylmethylsulfonyl fluoride) and incubated on ice for 10 min. Nonidet P-40 (0.5%) was added, and nuclei were pelleted by centrifugation. Nuclear pellets were resuspended (1:2.5 v/v) in buffer C (1.5 mM MgCl 2 , 20 mM HEPES, pH 7.0, 420 mM NaCl, 25% glycerol, 0.2 mM EDTA, 0.5 mM DTT, 1 g/ml aprotinin, 2 M leupeptin, 0.5 mM phenylmethylsulfonyl fluoride) and incubated on ice for 30 min. After centrifugation, supernatants were collected, snap-frozen in liquid nitrogen, and stored at Ϫ80°C.
DNA Affinity Chromatography-Nuclear extracts (5 mg) were preincubated on ice for 30 min with 5 g of the biotiny-lated oligonucleotides NcoI-HS4-3Ј-(Ϫ1527/Ϫ1496) or NcoIcontrol. The latter corresponds to an unrelated region that failed to bind any of the NcoI-HS4-3Ј-(Ϫ1527/Ϫ1496)-binding proteins in EMSA. DNA-protein complexes were then bound to streptavidin-coated magnetic beads (500 l, Miltenyi) for 30 min. After incubation, the mixture was loaded onto a 5-ml column (Miltenyi) attached to a magnet (Miltenyi). Magnetic beads were washed four times with wash buffer (1.5 mM MgCl 2 , 20 mM HEPES, 100 mM NaCl, and 0.5 mM phenylmethylsulfonyl fluoride). The column was then removed from the magnet and bead-DNA-protein complexes were eluted with wash buffer supplemented with 8.5 mM MgCl 2 and 1 mM DTT. NcoI (10 units) was added to the sample, and digestion was performed for 1 h at 37°C. After digestion, the sample was loaded again onto the original column and attached to a magnet. The bypass (i.e. DNA-protein complexes) was then collected. Eluted DNAprotein complexes from six columns were combined and concentrated by overnight precipitation with ice-cold acetone at Ϫ20 o C. Concentrated protein samples were either trypsin-digested in solution or separated by SDS-PAGE prior to peptide digestion following standard protocols. Gels were silver-stained, and bands resulting from separation of NcoI-HS4-3Ј-(Ϫ1527/ Ϫ1496) affinity column eluates were excised. This procedure could not be performed for NcoI-control affinity column eluates because they had low protein content.
Mass Spectrometry-Tandem mass spectrometry coupled to liquid chromatography (LC-MS/MS) analyses of digested protein gel bands were carried out using a linear quadrupole ion trap ThermoFinnigan LTQ mass spectrometer equipped with a Michrom Paradigm MS4 HPLC with a reverse phase column, a SpectraSystems AS3000 autosampler, and a nanoelectrospray source. Dependent data scanning was performed by Xcalibur version 1.4 software (23) with a default charge of 2, an isolation width of 1.5 atomic mass units, an activation amplitude of 35%, activation time of 30 ms, and a minimal signal of 100 ion counts (arbitrary units based on mass spectrometer used). Globally dependent data settings were as follows: reject mass width of 1.5 atomic mass units, dynamic exclusion enabled, exclusion mass width of 1.5 atomic mass units, repeat count of 1, repeat duration of 1 min, and exclusion duration of 5 min. Scan event series included one full scan with mass range 350 -2000 Da, followed by six dependent MS/MS scans of the most intense ion. Tandem MS spectra of peptides were analyzed with TurboSEQUEST TM version 3.1 (24) , and the peak list (dta files) for the search was generated by Bioworks 3.1. Parent peptide mass error tolerance was set at 1.5 atomic mass units, and fragment ion mass tolerance was set at 0.5 atomic mass units during the search. The criteria that were used for a preliminary positive peptide identification are the same as described previously, namely peptide precursor ions with a ϩ1 charge having an Xcorr Ͼ1.8, ϩ2 Xcorr Ͼ 2.5 and ϩ3 Xcorr Ͼ 3.5. A dCn score Ͼ0.08 and a fragment ion ratio of experimental/theoretical Ͼ50% were also used as filtering criteria for reliable matched peptide identification (25, 26) . All matched peptides were confirmed by visual examination of the spectra. All spectra were searched against a human-rat-mouse data base created from the latest version of the nonredundant protein data base downloaded March 16, 2004 , from NCBI. At the time of the search, this custom protein data base from NCBI contained 168,153 entries. The results were also validated using XTandem (27) and Scaffold 2 (28, 29) . Results correspond to proteins/peptides identified with a probability over 95%. For tandem mass spectrometry coupled to two-dimensional liquid chromatography (LC-LC-MS/MS or Multidimensional Protein Identification Technology (MudPIT)) analyses of digested eluates, a microbore HPLC system (Paradigm MS4, Michrom) was used with two separate strong cation exchange and reverse phase columns. Peptide elution with a 12-step gradient protocol was performed directly into a custom-built nanoelectrospray ionization source of a ThermoFinnigan LCQ-Deca XP Plus ion trap mass spectrometer. Dependent data scanning was performed as described above, with the exception that a minimal signal of 10,000 was used. Tandem MS spectra of peptides were also analyzed as described above.
Chromatin Immunoprecipitation (ChIP)-Jurkat T cells in log phase of growth were incubated in the presence or absence of PMA (20 ng/ml) and ionomycin (2 M) for 4 h. Formaldehyde cross-linking was then performed essentially as described previously (20, 30) but was stopped by the addition of 125 mM glycine. Cells were then washed twice with phosphate-buffered saline. Chromatin fragmentation and precipitation were performed as described previously (22) . Briefly, cross-linked chromatin was sonicated five times for 10 s each time and diluted 10-fold in ChIP dilution buffer (Upstate Biotechnology, Inc.) supplemented with protease inhibitors. After preclearing the sample with a salmon sperm DNA/protein A-agarose slurry (Upstate Biotechnology, Inc.), chromatin was immunoprecipitated with a mouse anti-NF90 mAb (DRBP76, 10 g; BD Biosciences) or a rabbit anti-NF45 antibody (10 g, Aviva). Immunoprecipitated complexes were captured, cross-links were reversed, and DNA was recovered by phenol/chloroform extraction and ethanol precipitation. Real time PCR was performed using the QuantiTect SYBR Green PCR kit (Qiagen) on an ABI Prism 7900 sequence detection system. PCR primers (5ЈTTAGGAAACAGGCCCGTAGA and 5ЈCACAAGGGT-GCTTGTGAC or 5ЈTTCTCAACCTCAGCACTGGTGACA and 5ЈGACTTTGCTGTTTGCTGTCAGGCT) were designed to amplify a 244-bp region of the human distal IL13 promoter (nucleotides Ϫ1531 to Ϫ1287) and a 249-bp region of the myc1 locus, respectively (20, 30) . PCR amplifications were performed in triplicate with the following cycling conditions: 15 min at 95°C followed by 40 cycles of 15 s at 90°C, 30 s at 59°C, and 30 s at 72°C. Serial dilutions of input DNA were used to generate a standard curve for each experiment. Copy number values were calculated based on standard curves, and results were expressed as the ratio between immunoprecipitated IL13 promoter targets and immunoprecipitated myc1 targets.
EMSA-Jurkat T cells in log phase of growth were incubated in the presence or absence of PMA (20 ng/ml) and ionomycin (2 M) for 4 h. Nuclei were prepared as described in the nucleoprotein extraction section. Nuclear proteins were then extracted as described previously (30, 31) . Briefly, nuclear proteins were purified after incubation with 0.3 M ammonium sulfate for 30 min at 4°C, and the supernatants were precipitated with 0.2 g/ml ammonium sulfate. Protein pellets were collected, resuspended in buffer C25 (25 mM HEPES, 25 mM KCl, 0.1 mM EDTA, 1 mM DTT, 10% glycerol), and dialyzed against three changes of buffer C25. For probe and competitor preparation, single-stranded complementary oligonucleotides were annealed and PAGE-purified. Double-stranded oligonucleotides were then end-labeled with [␥-32 P]ATP using T4 polynucleotide kinase.
Nuclear extracts (15 g) were incubated with 32 P-labeled oligonucleotide probes in binding buffer (100 mM Tris-Cl, 10 mM EDTA, 10 mM DTT, 5 mM MgCl 2 , 8 mM Na 2 HPO 4 , pH 7.5, 0.6 mM NaN 3 , 400 ng/l bovine serum albumin, 160 mM NaCl, 30% glycerol) and poly(dI-dC) (50 ng/l) for 30 min at 4°C. Oligonucleotide competitors (90-or 30-fold molar excess) were preincubated with nuclear extracts for 30 min at 4°C before addition of radiolabeled probe. DNA-protein complexes were separated on 5% (w/v) nondenaturing polyacrylamide gels in Tris/borate/EDTA (0.5 times). Electrophoresis was performed at 20 mA for 5 h at 4°C, and gels were dried prior to autoradiography.
Western Blot Analysis-Jurkat T cells were incubated in the presence or absence of PMA (20 ng/ml) and ionomycin (1 M) for 4 h. After stimulation, cells were incubated with agitation for 20 min in lysis buffer (50 mM Tris-Cl, 150 mM NaCl, 1 mM EDTA, 1% Triton X-100, 1 mM DTT, 1ϫ protease inhibitor mixture (Roche Applied Science), 5 mM ␤-glycerophosphate, 1 mM NaF, 1 mM NaV, 1 mM benzamidine). Lysates were clarified by centrifugation at 12,000 rpm for 10 min at 4°C. Supernatants were then collected, snap-frozen in liquid nitrogen, and stored at Ϫ80°C. For Western blot analyses, whole cell lysates were electrophoretically separated using 10% SDS-polyacrylamide gels and transferred to nitrocellulose membranes (0.45-m pore size). Membranes were then probed with anti-NF45 (Aviva) or anti-NF90 antibodies (BD Biosciences), washed, and incubated with horseradish peroxidase-labeled secondary antibodies (Abcam). Protein bands were visualized by chemiluminescence (ECL, Abcam). Membranes were stripped, exposed again to ensure no residual signal was detectable, and incubated with an anti-phosphoserine antibody (Abcam) or with a mixture of anti-phospho-mitogen-activated protein kinase (MAPK)/ cyclin-dependent kinase (CDK)/AKT/ataxia telangiectasia mutated (ATM)/ATM and Rad3-related (ATR) protein substrate antibodies (Cell Signaling). Protein bands were detected as described above.
RESULTS

HS4 Marks the Location of a Novel IL13 cis-Regulatory
Element-Our previous high resolution analysis of DNA methylation at the IL13 locus (17) showed that the CpG dinucleotides at positions Ϫ1650 and Ϫ1435 in the distal IL13 promoter (numbering relative to the IL13 ATG, GenBank TM accession number NC_000005) represent the boundaries of a region that is DNase I-hypersensitive and hypomethylated in naive as well as differentiated Th1 and Th2 cells. This region was named HS4 (Fig. 1A) .
To begin assessing whether HS4 marks the location of a novel cis-acting element involved in the regulation of IL13 expression, and to dissect the molecular mechanisms underlying its function, we took a reductionist approach. The region encompassing HS4 was cloned in both orientations downstream of a luciferase reporter gene in a construct driven by a highly active 369-bp fragment encompassing HS6, which corresponds to the proximal IL13 promoter (17, 22) . These vectors were transiently transfected into human CD4 ϩ Jurkat T cells, which are well suited for these studies because they exhibit DNase I hypersensitivity at HS4 4 and up-regulate IL13 mRNA levels Ϸ100-fold upon activation (22) . Luciferase activity was measured after 16 h of culture in the presence or absence of activating stimuli (PMA, 20 ng/ml, and ionomycin, 1 M) that recapitulate T cell receptor-mediated signaling. Fig. 1B shows that T cell activation resulted in brisk up-regulation of proximal IL13 promoter activity, which was further significantly increased by HS4 when the region was cloned in the genomic, but not the reverse, orientation. Complementary experiments compared the activity of IL13 promoter reporter vectors that did (Ϫ1650IL13p/Luc) or did not (Ϫ1446IL13p/Luc) carry HS4 at its genomic location. Fig. 1C shows that deletion of the entire HS4 region (Ϫ1650 to Ϫ1446) significantly decreased IL13 promoter activity. However, the latter was fully preserved when only the 5Ј end of HS4 (Ϫ1650 to Ϫ1577) was deleted, indicating that the IL13-enhancing properties of HS4 map to the 3Ј 4 R. Webster and D. Vercelli, unpublished data. end of the element (HS4-3Ј, Ϫ1577 to Ϫ1446). In all experiments, HS4 had negligible effects on IL13 promoter-driven transcription in unstimulated cells (data not shown). Collectively, these results indicate that the 3Ј end of HS4 acts as a position-independent, orientation-dependent cis-regulatory element that increases IL13 promoter activity in stimulated CD4
ϩ Jurkat T cells.
Identification of NF45 and NF90 as HS4-3Ј-binding Proteins-
To begin exploring the molecular mechanisms underlying HS4-3Ј-mediated enhancement of IL13 transcription, we examined DNA/protein interactions occurring at this region in resting and activated CD4
ϩ Jurkat T cells. EMSA analysis detected distinct complexes specifically binding to HS4-3Ј(data not shown), but traditional approaches (oligonucleotide competition and/or antibody supershifting guided by a reliable binding motif-predicting algorithm (32)) failed to identify the constituent proteins. Therefore, we adopted a different hypothesis-generating strategy that sought to identify HS4-3Ј-binding nucleoproteins by combining DNA affinity chromatography with tandem mass spectrometry. For this analysis to achieve high resolution, HS4-3Ј was divided into three shorter fragments ( Fig. 2A) . Here, we present the results obtained for HS4-3Ј-(Ϫ1527/Ϫ1496), the central portion of the element.
Our strategy involved coupling a biotinylated HS4-3Ј-(Ϫ1527/Ϫ1496) oligonucleotide, or a biotinylated unrelated negative control, to magnetic beads coated with streptavidin and using the latter as baits to isolate the relevant DNA-binding proteins from Jurkat T cell nuclear extracts. Because uncoupled magnetic beads were found to support some degree of nonspecific protein binding, we incorporated an NcoI restriction site at the 5Ј end of the oligonucleotide baits ( Fig. 2A) . NcoI cleavage after incubation of the nuclear extracts with the magnetic beads, but before mass spectrometry analysis, maximized the recovery of DNA sequence-specific proteins. Fig. 2B highlights the main steps in the protein isolation and identification process. Jurkat T cell nuclear proteins were incubated with NcoI-HS4-3Ј-(Ϫ1527/Ϫ1496) or NcoI-control oligonucleotides. The mixture was then loaded onto streptavidin-coated beads, and DNA-protein complexes were recovered from the affinity columns after digestion with NcoI. The identity of proteins bound to the HS4-3Ј-(Ϫ1527/Ϫ1496) oligonucleotide was established by two complementary proteomics approaches, one gel-based (SDS-PAGE followed by LC-MS/MS) and the other gel-free (MudPIT) (33) . In contrast, Mud-PIT but not SDS-PAGE/LC-MS/MS was performed on proteins recovered from oligonucleotide control affinity columns because of low protein content. Proteins recovered from HS4-3Ј-(Ϫ1527/Ϫ1496) but not oligonucleotide control beads were considered to be DNA sequence-specific (Fig. 2B) . Fig. 2 , C and D, and Table 1 show the results of this series of experiments. Overall, gel-based and gel-free strategies identified similar numbers of HS4-3Ј-(Ϫ1527/Ϫ1496)-binding proteins (Fig. 2C) , 18 of which were detected by both approaches. Among these, seven proteins bound HS4-3Ј-(Ϫ1527/Ϫ1496) specifically (Table 1) . HS4-3Ј-(Ϫ1527/Ϫ1496)-specific proteins identified only by SDS-PAGE/LC-MS/MS or MudPIT are listed in supplemental Tables 1 and 2 . Among the HS4-3Ј-(Ϫ1527/Ϫ1496)-specific proteins listed in Table 1 , NF45 and NF90 became the focus of subsequent work. Their identification as bona fide HS4-3Ј-(Ϫ1527/Ϫ1496)-binding proteins was supported not only by the recovery of the appropriate peptides (Fig. 2D ) but also by several other independent findings: the detection of identical peptides when SDS-PAGE/LC-MS/MS was used to analyze Jurkat cell-derived and recombinant NF45 and NF90 (data not shown); the consistent recovery of both proteins, in line with their reported ability to bind DNA as heterodimers (31, 34, 35) , and the presence in HS4-3Ј-(Ϫ1527/ Ϫ1496) of a single CTGTT motif (Ϫ1525/Ϫ1521). Mutation of a region that includes this motif disrupted binding of the NF90-containing complex to the 3Ј end of the antigen receptor-response element in the IL2 proximal promoter (IL2pARRE) (30).
FIGURE 2. Isolation and identification of HS4-3-interacting proteins.
A, location and sequence of biotinylated oligonucleotides used as baits in DNA affinity chromatography. The NcoI restriction site is underlined. B, biochemical approach to the isolation and identification of HS4-3Ј(Ϫ1527/Ϫ1496)-binding proteins. C, total numbers of protein species recovered from DNA affinity chromatography and identified by tandem mass spectrometry approaches. D, NF45 and NF90 peptides identified by tandem mass spectrometry. aa, amino acids.
NF90 and NF45 Bind HS4 in Vivo-To validate the identification of NF45 and NF90 as HS4-3Ј-binding proteins, we next used ChIP to assess whether these proteins interact with HS4 in vivo. Cross-linked chromatin was isolated from Jurkat T cells (unstimulated or PMA/ionomycin-stimulated for 4 h) and immunoprecipitated with anti-NF90 or anti-NF45 antibodies. Real time PCR was then performed to test for enrichment of a 244-bp region spanning HS4-3Ј (nucleotides Ϫ1531 to Ϫ1287). A negative control was provided by the amplification of a 249-bp region within the myc1 locus that fails to bind NF90 (30) . Results were expressed as HS4-3Ј relative copy number, i.e. as the ratio between immunoprecipitated IL13 promoter copies and immunoprecipitated myc1 copies. Fig. 3 shows that under basal conditions the HS4-3Ј-containing region was modestly enriched in chromatin samples immunoprecipitated with anti-NF90 or anti-NF45 antibodies, but T cell activation markedly increased the recruitment of endogenous NF90 and NF45 to HS4-3Ј. Because chromatin sonication for ChIP typically yields DNA fragments that are somewhat heterogeneous in size, ChIP analysis cannot formally prove that the docking site for NF45-NF90 complexes is located within, or is limited to, the HS4-3Ј region. However, these results are fully consistent with the possibility that NF90 and NF45 interact with HS4-3Ј, and more generally they implicate these proteins in the regulation of endogenous IL13 in human CD4
Mapping of the Interactions between NF45/NF90 and HS4-3Ј-(Ϫ1527/Ϫ1496
)-Because the NF45-NF90 complex is thought to interact with the CTGTT motif in the IL2 promoter ARRE (30) (sequence underlined in Fig. 4A ), EMSA analysis was next performed to assess whether the CTGTT motif within HS4-3Ј-(Ϫ1527/Ϫ1496) supports binding of a similar complex. Nuclear extracts from Jurkat T cells cultured for 4 h in the presence or absence of PMA (20 ng/ml) and ionomycin (2 M) were incubated with 32 P-labeled IL2pARRE or HS4-3Ј-(Ϫ1527/ Ϫ1496) oligonucleotide probes, with or without unlabeled oligonucleotide competitors (Fig. 4A) . Fig. 4B shows that, consistent with our previous findings (30, 31) , the IL2pARRE probe formed a complex (IL2p) (lanes 1, 5, and 11) , which became slightly more intense in response to T cell stimulation (lane 2). This complex bound the IL2pARRE specifically because it was competed by unlabeled IL2pARRE (Fig. 4B, lane 6) but not by an oligonucleotide (mutIL2pARRE (31)) in which the element was mutated (lane 7). Similarly, the HS4-3Ј-(Ϫ1527/Ϫ1496) probe formed a specific complex (Fig. 4B, IL13p, lanes 3, 8, and  14) , which also became slightly more intense in extracts from activated T cells (lane 4), and was selectively competed by unlabeled HS4-3Ј-(Ϫ1527/Ϫ1496) (lane 15), but not by mutHS4-3Ј-(Ϫ1527/Ϫ1496), an oligonucleotide in which the CTGTT motif had been transverted (lane 16). Of note, the IL13p and IL2p complexes had virtually identical mobility (Fig. 4B, lanes  1-4) . Moreover, IL2pARRE (Fig. 4B, lane 9) but not mutIL2pARRE (lane 10) inhibited complex IL13p formation. Conversely, HS4-3Ј-(Ϫ1527/Ϫ1496) (Fig. 4B, lane 12) but not mutHS4-3Ј-(Ϫ1527/Ϫ1496) (lane 13) inhibited IL2p formation. These data show that the CTGTT motifs within HS4-3Ј-(Ϫ1527/Ϫ1496) and the IL2pARRE interact with similar if not identical protein complexes. In view of our previous demonstration that the CTGTT motif in the IL2pARRE binds NF45 and NF90 (30) , these results suggest these proteins also bind HS4-3Ј-(Ϫ1527/Ϫ1496). Unfortunately, identification of NF45 and/or NF90 as constituents of the IL13p or IL2pARRE complexes could not be confirmed by antibody supershifting experiments, most likely because of low affinity interactions under EMSA conditions.
Activation-dependent Phosphorylation of NF45-Our ChIP and EMSA experiments (Fig. 3 and Fig. 4B ) suggested recruitment of the NF45-NF90 complex to the distal IL13 promoter was increased by T cell activation. To begin understanding the FIGURE 3. NF90 and NF45 bind HS4 in vivo. Chromatin from Jurkat T cells, resting or activated with PMA (20 ng/ml) and ionomycin (2 M) for 4 h, was cross-linked, sonicated, and immunoprecipitated with anti-NF90 or anti-NF45 antibodies. Target enrichment was assessed by real time PCR with primers that amplify a 244-bp region spanning HS4-3Ј (nucleotides Ϫ1531 to Ϫ1287) or a 249-bp negative control region within the myc1 locus. A standard curve for each experiment was generated with serial dilutions of input DNA. Results are expressed as the mean Ϯ S.E. of the ratio between the number of HS4 and myc1 target copies immunoprecipitated by anti-NF90 or anti-NF45 antibodies in three independent experiments. P/I, PMA ϩ ionomycin. mechanisms underlying this finding, we next assessed whether PMA/ionomycin treatment of Jurkat T cells under our experimental conditions increased NF45 and/or NF90 protein levels and/or resulted in post-translational modifications of these proteins. We focused particularly on phosphorylation, a modification previously reported for both NF45 and NF90 in T cells (36 -38) . As shown in Fig. 4C , Western blot analysis of lysates from Jurkat T cells incubated with or without PMA and ionomycin for 4 h revealed that activation did not affect NF45 protein levels but resulted in increased serine phosphorylation of the NF45 protein band. In contrast, NF90 levels and phosphorylation status appeared comparable under unstimulated and stimulated conditions (data not shown). These data raise the possibility that T cell activation-dependent NF45 phosphorylation may contribute to increased recruitment of the NF45-NF90 complex to the distal IL13 promoter.
HS4-dependent IL13 Up-regulation Requires the CTGTT Motif
Located within HS4-3Ј-To further investigate the extent to which HS4-3Ј contributes to IL13 up-regulation driven by full-length HS4, and to define the role of the CTGTT motif in HS4-3Ј activity, the region encompassing HS4-3Ј (Ϫ1577 to Ϫ1435) was cloned into HS6/Luc downstream of the luciferase reporter gene. The activity of this construct (HS4-3Ј-HS6/Luc) was compared with the activity of HS4-HS6/Luc. For these experiments, reporter constructs were transfected into in vitro differentiated primary murine CD4 ϩ Th2 cells. Th2 cells are programmed for high rate IL13 expression, and as shown by our previous work (19) , the murine Th2 transcriptional machinery allows optimal expression of human IL13 reporter vectors. In agreement with the results obtained in human CD4
ϩ Jurkat T cells, HS4 strongly (Ͼ2-fold) enhanced IL13 promoter activity in murine Th2 cells (Fig. 5) . Notably, the IL13 up-regulating activity of HS4 appeared to reside completely within HS4-3Ј, because no significant difference in luciferase expression was detected between full-length HS4 and HS4-3Ј.
The role played by the NF45/NF90-binding CTGTT motif within HS4-3Ј was directly assessed by introducing into HS4-3Ј-HS6/Luc the mutation that disrupted IL13p complex formation in EMSA (Fig. 4) . Remarkably, mutation of the CTGTT HS4-3-(؊1527/؊1496) . A, sequence of oligonucleotides used as EMSA probes and competitors. Underlined is the reported (IL2pARRE) or predicted (HS4-3Ј-(Ϫ1527/Ϫ1496)) recognition motif for NF45/NF90. B, EMSA analysis was performed using nuclear proteins extracted from Jurkat T cells after a 4-h incubation with or without PMA (20 ng/ml) and ionomycin (2 M). Competitors were added at 90-fold (lanes 6 and 7 and lanes 9 and 10) or 30-fold (lanes 12 and 13 and lanes 15 and 16) molar excess and are noted above the relevant lanes. The figure shows three independent gels (gel 1, lanes 1-4; gel 2,: lanes 5-10; and gel 3, lanes [11] [12] [13] [14] [15] [16] . Lanes that were not contiguous in the original gels and have been juxtaposed in the figure are separated by black lines. C, Jurkat T cells were incubated in the presence or absence of PMA (20 ng/ml) and ionomycin (1 M) for 4 h. Levels of NF45 and NF45 serine phosphorylation were assessed by Western blot (WB) analysis of whole cell lysates (WCL) representing 800,000, 400,000, and 200,000 cell equivalents, using an anti-NF45 (upper panel) or an anti-phosphoserine (lower panel) antibody. P/I, PMA ϩ ionomycin. ϩ T cells were isolated from WT C57BL/6 mice (n ϭ 2) and in vitro differentiated under Th2 skewing conditions for 7 days. Th2 polarization was assessed by intracellular staining for IL-4 and IL-13. After 2-3 days in the presence of plate-bound anti-CD3 and anti-CD28 mAbs, Th2 cells were nucleofected with the IL13 promoter reporter constructs HS6/Luc, HS4-HS6/ Luc, HS4-3Ј-HS6/Luc, and HS4-3Јmut-HS6/Luc. Results are expressed as the mean Ϯ S.E. of RLA measured in seven independent experiments. Statistical significance of individual comparisons was assessed using the Wilcoxon twosample test. n.s., not significant; Luc, luciferase.
motif abrogated the IL13 enhancing effects of HS4-3Ј (Fig. 5,  hatched bar) , demonstrating DNA/protein interactions mediated by this motif are critical for HS4-3Ј-dependent IL13 up-regulation.
HS4-dependent IL13 Up-regulation Is Exquisitely Dependent on the Endogenous Levels of NF45 and NF90-To explore more directly the functional role of NF45 and NF90 in IL13 regulation, we tested the activity of the HS4-HS6/Luc reporter construct in primary T cells from NF90-and NF45-deficient mice. Deletion of both copies of NF90 or NF45 results in perinatal lethality due to respiratory failure (20) or embryonic lethality, 3 respectively. On the other hand, adult NF90 ϩ/Ϫ and NF45
ϩ/Ϫ mice are indistinguishable from WT littermates in terms of size, activity, and longevity (20) . 3 These mice therefore provide a unique model to assess whether HS4-dependent up-regulation of IL13 reporter activity depends on the levels of NF45 and/or NF90 in the endogenous nuclear environment.
For these experiments, primary CD4 ϩ T cells were isolated from WT, NF45 ϩ/Ϫ , or NF90 ϩ/Ϫ mice and differentiated in vitro under Th2-polarizing conditions. Intracellular staining for IL-13 and IL-4 revealed that CD4 ϩ T cells from NF45
ϩ/Ϫ and NF90 ϩ/Ϫ mice became Th2-polarized as efficiently as WT cells upon incubation with the appropriate differentiating stimuli (Fig. 6A) . After 2-3 days in the presence of anti-CD3 and anti-CD28 mAbs, WT, NF45 ϩ/Ϫ , and NF90 ϩ/Ϫ Th2 cells were nucleofected with HS4/HS6 IL13 reporter vectors. Fig. 6B shows that HS4 strongly enhanced IL13 promoter activity in WT primary murine Th2 cells, thus confirming the results obtained in human Jurkat T cells. However, virtually no HS4-dependent up-regulation of IL13 expression was detected in Th2 cells from NF45 ϩ/Ϫ mice. A more subtle decrease in HS4 enhancing activity was observed in NF90 ϩ/Ϫ Th2 cells. Comparable results were obtained when murine Th2 cells were nucleofected with the Ϫ1577IL13p/Luc reporter construct (data not shown). These results demonstrate that HS4-dependent IL13 enhancement is exquisitely dependent on the endogenous levels of NF45, and to a lesser extent of NF90, suggesting that NF45 and NF90 act as positive regulators of IL13 expression and confirming the important role these factors play in HS4-mediated IL13 regulation.
DISCUSSION
Activation of gene expression upon engagement of cell stimulatory pathways relies on a complex interplay between cisregulatory elements, sequence-specific trans-activating factors, and co-activators. IL13 expression in activated human CD4 ϩ T cells is no exception. Several cis-regulatory elements have been mapped in the murine IL13 locus (reviewed in Ref. 11) , and a number of putative ones have been identified in the human locus by us (17) and others (39) . Here, we characterize HS4 as a novel element that enhances IL13 promoter activity in stimulated T cells. Interestingly, HS4 has regulatory properties, yet a multispecies sequence alignment (40) showed the HS4 region, and specifically the CTGTT motif critical for its positive regulatory effects, is highly conserved in Hominoids and Old World monkeys but not in New World monkeys, prosimians, or rodents (Fig. 7) . Our results might appear to be at odds with the basic tenets of comparative genomics, according to which functional sequences are typically marked by strong evolutionary conservation (41, 42) . On the other hand, recent experiments in mouse cells containing a copy of a human chromosome in addition to the complete mouse genome clearly showed that nonconserved sequences can be not only functional but responsible for important species-specific differences in gene expression patterns (43) . Our data are consistent with these findings.
Lack of HS4 conservation in mice also likely explains why endogenous IL-13 production was fully preserved in NF45 ϩ/Ϫ FIGURE 6. HS4-dependent IL13 up-regulation depends on the levels of endogenous NF45 and NF90. A, CD4 ϩ T cells were isolated from WT (n ϭ 3), NF45 ϩ/Ϫ (n ϭ 4), or NF90 ϩ/Ϫ (n ϭ 4) C57BL/6 mice and in vitro differentiated into Th2 cells for 1 week. Th2 polarization was assessed by intracellular staining for IL-4 and IL-13. PE, phycoerythrin. B, Th2 cells were re-stimulated with plate-bound anti-CD3 and anti-CD28 mAbs for 2-3 days and nucleofected with HS6/Luc or HS4-HS6/Luc. Results are expressed as the mean Ϯ S.E. of RLA measured in nine independent experiments. Statistical significance was calculated using the Wilcoxon two-sample test (*, p Յ 0.04). n.s., not significant. FIGURE 7. HS4 is a recently arisen regulatory element. The ClustalW program (40) generated a multiple sequence alignment for the HS4 region in humans, 11 primate species from distinct clades, and mice. Hominoid, Old World monkey (OWM), and New World monkey (NWM) IL13 promoter sequences were previously generated in our laboratory (19) . Human, mouse, and prosimian (PS) IL13 promoter sequences were obtained from GenBank TM accession number NC_000005, GenBank TM accession number NC_000077, and Ensembl GeneScaffold_442, respectively. Dashes and asterisks mark conserved positions and gaps, respectively. The CTGTT motif is bracketed. Numbering is relative to the IL13 ATG.
and NF90
ϩ/Ϫ murine Th2 cells, even though NF45-and NF90-deficient nuclear environments failed to support the expression of the human IL13 reporter construct. These data suggest that, in contrast to the human IL13 promoter, the murine IL13 promoter may not be NF45/NF90-regulated. It is tempting to speculate that the emergence of an NF45/NF90-dependent regulatory element may have endowed the human IL13 locus with properties that adaptively fine-tune the critical roles played by IL13 in immunity (1) and reproduction (44) .
The IL13 proximal promoter strongly activates IL13 expression in response to T cell receptor-derived signals by relying on nuclear factor of activated T cells, AP-2, and GATA-3 (45) (46) (47) (48) . The IL13 promoter enhancing activity of HS4 mapped to the 3Ј-half of the element and involved previously undescribed interactions with NF45 and NF90. The identification of these proteins as IL13 regulators was supported by independent but complementary lines of evidence as follows: the results of mass spectrometry analysis of proteins recovered from HS4-3Ј-based affinity chromatography, which were confirmed by ChIP; the existence of an NF45/NF90-binding CTGTT motif (30) within HS4-3Ј; and functional data from NF45-or NF90-deficient mouse models. NF90 and NF45 are DZF (C 2 H 2 zinc finger) motif-containing proteins that bind DNA as heterodimers (31, 34) and are subunits of a supra-molecular complex involved in the regulation of multiple targets. Most relevant to our work, NF45-NF90 complexes dock onto the proximal IL2 promoter at the ARRE, a cis-regulatory element involved in IL2 transcriptional activation in response to T cell receptor signaling (20, 30, 31, 49, 50) . The trans-activation domains of NF90 and NF45 have been proposed to interact with RNA polymerase II at the IL2 promoter, thereby leading to transcription (20) . Indeed, antisera against NF90 or NF45 decreased basal and inducible in vitro IL2 transcription (31) . Furthermore, stable overexpression of NF90 and NF45 resulted in a large increase of IL2 ARRE luciferase activity, whereas NF90 deficiency disrupted inducible IL2 transcription and was accompanied by decreased binding of RNA polymerase II at the IL2 promoter in activated murine T cells (20, 50) . It is possible that similar mechanisms contribute to the positive role played by NF45 and NF90 in IL13 regulation, whereas no evidence so far supports functional or physical interactions between NF45/NF90 and the transcription factors (nuclear factor of activated T cells, AP-2, and GATA-3), which regulate IL13 proximal promoter activity.
A comparison of the interactions between NF45/NF90 and the IL13 and IL2 promoters provides insights into the role of promoter context in fine-tuning distinct functional outcomes instigated by binding of the same nucleoprotein complex. The interaction of NF45/NF90 with the AT-rich purine box in the IL2ARRE was shown to involve the specific and dynamic binding of that element by Ku70 and Ku80, and a model was proposed according to which T cell activation-induced conformational changes in the ARRE would lead to decreased Ku70 binding and, concomitantly, to increased binding of Ku80 and NF90 (30) . In vivo data supported this model. In contrast, we could not find conclusive evidence for an interaction between Ku70 or Ku80 and the IL13 promoter, even though ChIP analysis showed that recruitment of NF45 and NF90 to the promoter was enhanced by T cell activation. It is noteworthy that, according to our mutational analysis, NF45/NF90 binding to the IL13 regulatory region involved a CTGTT motif fully conserved in the IL2 promoter. However, the IL2 promoter also contains a stretch of five adenines that are located immediately upstream of the CTGTT motif and are not found in IL13. We hypothesize that the lack of these adenines might create unfavorable conditions for binding of Ku proteins, whose predilection for AT-rich targets is well known (51) . The inability of Ku proteins to interact with the IL13 promoter in turn suggests that the strong T cell activation-dependent enhancement in NF45/NF90 recruitment to this region may involve other proteins (perhaps including some of those identified by our mass spectrometry analysis) and/or require activation-induced posttranslational modifications of NF45 and/or NF90 themselves. Our finding that cell activation increases NF45 serine phosphorylation is consistent with this possibility. The kinase(s) responsible for NF45 phosphorylation in this model remain to be defined. We propose low level binding of NF45/NF90 to HS4 in resting T cells may be compatible with, or sufficient for, maintaining the region in a constitutively accessible state, which is reflected by hypersensitivity to DNase I digestion. Enhanced recruitment of NF45/NF90 to HS4 in response to T cell activation may contribute to rapid IL13 up-regulation by facilitating proficient interactions between HS4 and the IL13 proximal promoter.
Our finding that HS4-mediated IL13 up-regulation was abrogated in NF45 ϩ/Ϫ cells and reduced in NF90 ϩ/Ϫ cells is both novel and intriguing, because NF45 and NF90 mRNA levels in these cells were reduced by only Ϸ50%. These data therefore suggest that HS4 function is exquisitely dependent on the endogenous levels of these proteins. It remains to be established whether such dependence reflects stoichiometric constraints imposed by NF45/NF90 molecular and/or functional interactions, or rather results from the existence of these proteins in concentrations that are limiting relative to the multiple tasks they are expected to perform.
The ability of NF90 to bind double-stranded RNA and regulate IL2 and MKP-1 mRNA stability in T cells and epithelial cells, respectively (20, 52) , raises the possibility that the NF45-NF90 complex may also contribute to the regulation of IL13 expression at the post-transcriptional level. Like other cytokines, IL13 mRNA contains several AU-rich elements in its 3Ј-untranslated region (53) , and proteins binding to these elements are known to control mRNA stability by acting in combination with NF90 (52) . Further research is required to clarify the functional interplay between the promoter-and 3Ј-untranslated region-mediated influences of NF45 and NF90 on human IL13 expression.
